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ABSTRACT

This report describes a two-year study of a large-aperture, lightweight, deployable mesh antenna
system for radiometer and radar remote sensing of the Earth from space. The study focused
specifically on an instrument to measure ocean salinity and soil moisture. Measurements of
ocean salinity and soil moisture are of critical importance in improving knowledge and prediction
of key ocean and land surface processes, but are not currently obtainable from space. A mission
using this instrument would be the first demonstration of deployable mesh antenna technology for
remote sensing and could lead to potential applications in other remote sensing disciplines that
require high spatial resolution measurements. The study concept features a rotating 6-m-diameter
deployable-mesh antenna, with radiometer and radar sensors, to measure microwave emission
and backscatter from the Larth’s surface. The sensors operate at L and S bands, with multiple
polarizations and a constant look angle, scanning across a wide swath. The study included
detailed analyses of science requirements, reflector and feedhorn design and performance,
microwave emissivity measurements of mesh samples, design and test of lightweight radar
electronics, launch vehicle accommodations, rotational dynamics simulations, and an analysis of
attitude control issues associated with the antenna and spacecraft. The goal of the study was to
advance the technology readiness of the overall concept to a level appropriate for an Earth
science mission.

The study was performed by the Jet Propulsion Laboratory and the NASA Langley Research
Center, with participation by the University of California Los Angeles, Science Applications
International Corporation, TRW Astro Aerospace, and Spectrum Astro, Inc. The study was
sponsored by the NASA Earth Science Technology Office (ESTO) Instrument Incubator Program
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1. SUMMARY

1.1 RATIONALE

1.1.1 Motivation

This study addressed key technology issues related to the utilization of large aperture,
lightweight, deployable mesh antennas for microwave remote sensing of the Earth from space.
Recent advances in the design and construction of such antennas, and their history of successful
operation in space telecommunications, have opened up potential new applications for high-
resolution microwave Earth sensing. However, significant challenges exist in implementing these
antennas for remote sensing applications. The primary applications are in ocean salinity and soil
moisture measurement. Measurements of these parameters require large antennas, and cannot
adequately be made from space using current systems. The overall objectives of this study were:
(1) to investigate the feasibility and advance the technology readiness of deployable mesh
antennas for ocean salinity and soil moisture sensing, and (2) to assess the potential of mesh
antenna technology for other remote sensing measurements. Results of this study will be
applicable to development of ocean salinity and/or soil moisture measurement missions that
require large-aperture deployable antennas.

Ocean salinity and soil moisture measurements are needed to improve our understanding of and
capability to predict key ocean and land surface processes, but no spaceborne measurements of
these parameters currently exist. The science motivation for this study arose from a series of
workshops conducted by NASA during 1998-99 to develop a strategy for its Earth Science
Enterprise science missions in the post-2002 era. These workshops, and subsequent reviews,
culminated in publication of NASA's Earth Science Enterprise (ESE) Strategic Plan (NASA,
2000). In this strategy, ocean salinity and soil moisture were identified as high priority
measurements.

Previous studies have indicated that the best approach for remote measurement of ocean salinity
and soil moisture is microwave sensing at low frequency (1-3 GHz) (Lagerloef et al., 1995;
Njoku and Entekhabi, 199€). At low frequencies large antennas are needed to achieve adequate
spatial resolution from Earth orbit. Deployable mesh reflectors are an attractive option for large
antennas since they are lightweight, can be stowed compactly for launch, and can provide
excellent antenna RF performance characteristics at low microwave frequency. Recent large
antenna technology development has been driven primarily by the satellite telecommunications
industry. However, these antennas have also been considered for remote sensing instruments.
One such instrument was proposed for the Navy NROSS mission in the early 1980s. This
instrument, the Low Frequency Microwave Radiometer (LFMR), utilized a 6-meter deployable
antenna (Figure 1.1-1); the mission was later cancelled due to budgetary concerns. In relation to
this mission and a general interest in the potential of large antennas for remote sensing, studies of
these antennas were carried out for many years at the NASA Langley Research Center (Schroeder
et al., 1994). Renewed interest in deployable mesh antennas has arisen in recent years as their
maturity, mass, and cost have become acceptable for consideration in low-cost science missions.



Figure 1.1-1. The NROSS mission concept,

1.1.2 Baseline System—OSIRIS

The baseline concept studied here is named the Ocean-salinity Soil-moisture Integrated
Radiometer-radar Imaging System (OSIRIS) and is illustrated in Figure 1.1-2. The OSIRIS
concept combines passive and active (real-aperture) sensing in the 1-3 GHz range, using a 6-m-
diameter, lightweight, deployable mesh antenna. The antenna system consists of a rotating,
offset-fed parabolic reflector with two multichannel feedhorns shared by radiometer and radar
subsystems in one sensor package. The system measures microwave emission and backscatter
from the Earth's surface at a fixed incidence angle, scanning conically across a wide swath at
multiple frequencies and polarizations. The key technology in the system is the lightweight mesh
deployable antenna. The reflector surface is a tensioned gold-plated molybdenum wire mesh
supported by a mesh/net or cable system which in turn is supported by rigid ribs or a perimeter
truss structure that can be folded compactly for launch and deployed on orbit. Large antennas of
this construction, at sizes up to ~12 m, have been developed and launched successfully in the
commercial sector (Miller, 1998). Their use for remote sensing requires careful study due to the
unique requirements for radiometric precision and accuracy, and the demands on spacecraft
attitude control imposed by large rotating antennas.

The rationale for considering combined passive and active sensors is that complementary
information contained in the surface emissivity and backscattering signatures can provide
enhanced accuracy in the retrieval of geophysical parameters. Over the ocean, passive
(radiometric) measurements provide the primary information for estimating sea surface salinity
(SS8) and sea surface temperature (SST) and can also provide information on wind-induced



Figure 1.1-2. OSIRIS concept showing the offset-fed parabolic mesh reflector antenna and the
footprint scan pattern at the surface. Two antenna beams are provided using identical dual
feedhorns, allowing the reflector to spin at moderate rate while providing full mapping coverage.

surface roughness. Active (scatterometer) measurements provide primary information on wind-
induced surface roughness, augmenting the radiometric measurements. Over land, radiometric
measurements provide the primary information for estimating soil moisture, while scatterometer
measurements are an additional source of information on surface roughness and vegetation. The
simulations described in Section 3 indicate that a 6-m-antenna radiometer-scatterometer system is
capable of providing SSS estimates with an accuracy of ~0.2 psu at 100-km spatial resolution.
Prior simulations of a sim:lar system (Njoku et al., 1999) have shown that soil moisture estimates
of accuracy ~0.04 g cm™ at 40-km spatial resolution are obtainable.

A feature of the scanning reflector concept 1S the feasibility of including multiple frequencies and
polarizations in the feedhorns. Additional frequencies would extend the potential applications to
include measurements of SST, ocean wind speed and direction, precipitation, sea-ice, snow, and
other environmental parameters in addition to SSS and soil moisture. With a large antenna, these
measurements can be made at much higher spatial resolutions than are currently feasible. Table
1.1-1 shows the heritage of conically-scanning spaceborne microwave Sensors. A conical scan
provides fixed incidence angle across the swath which is advantageous for obtaining accurate
geophysical retrievals. The mesh antenna concept is a logical extension to larger-aperture



Table 1.1-1. Heritage and Characteristics of Conically-Scanning Scaceborne Microwave Sensors

AMSR
SMMR SSM/1 SeaWinds (ADEOS-ID
Parameter (Nimbus-7) (DMSP) (Quickscat) (EOS) * OSIRIS **
Sensor type Radiometer ~ Radiometer  Radar Radiometer ~ Radiometer
and Radar
Frequencies (GHz) 6.6,10.7,18, 19.3,223, 134 6.9,10.7, 1.2,14,2.7,
21,37 37,855 18.7,23.8, (6.9), (10.7),
36.5, 89 (19)
Altitude (km) 955 860 803 705 600
Antenna size (m) 0.8 0.6 1.0 1.6 6
Incidence angle (deg)  50.3 53.1 46, 54 55 40-55
Footprint size (km)
at~7 GHz 140 65 <15
at~ 13 GHz 30
at~19 GHz 55 68 23 (<6)
Swath width (km) 780 1400 1400, 1800 1445 - ~1000
Launch date 1978 1987—Series 1999 2002

* EOS values are shown.

** Only 1-3 GHz frequencies are considered in the baseline study. However, the mesh antenna is expected to
provide good performance at frequencies up to about 19 GHz.

systems, and provides a capability for new measurements and higher spatial resolution while
keeping overall mission costs within acceptable bounds. The antenna configuration studied here
is one of a number of candidate options. Alternate antenna configurations, such as parabolic-
torus reflectors with scanning or pushbroom feeds, are also of interest. These designs do not
require a rotating reflector, but require a much larger reflector diameter than considered here.

1.1.3 Objectives

The OSIRIS concept was the starting point to determine specifications and error budgets for the
instrument and to evaluate the science performance. Key technology issues were identified to
scope the study. The capability of a tensioned wire mesh to serve as a high-precision reflector
surface at low frequencies is a key requirement. The emissivity must be low enough that

spacecraft that would enable the volume of the combined antenna and spacecraft in the stowed
configuration, and the total mass, to be within the capabilities of a low-cost launch vehicle. To
address these issues, the specific objectives were as follows:

(1) Perform a requirements analysis to validate the baseline instrument design (measurement
channels, sensitivities, beam-pointing, sampling, and other system and orbital
characteristics) and to assess the geophysical retrieval accuracies and allowable error
budgets for the instrument subsystems



(2) Perform laboratory measurements of wire mesh samples to determine their microwave
emissivity, and evaluate the ability of mesh reflectors to meet the required brightness
temperature precision ard calibration stability

(3) Design lightweight, multifrequency, dual-polarized feedhorns and electronics subsystems,
including passive and active channels at L- and S-band frequencies, for a rotating parabolic
mesh reflector system, and analyze the antenna pattermn characteristics and performance

(4) Perform an antenna and spacecraft configuration, integration, and optimization study,
including deployable intenna, antenna/spacecraft interface, structure and mechanisms,
mechanical and thermal modeling, and attitude control analysis of the antenna and
spacecraft system.

1.2 TASK PLAN

1.2.1 Subtasks

The study was partitioned into the five interrelated subtasks listed below, each addressing a
separate aspect of the systern design and feasibility. A baseline system design was developed at
the outset of the study to serve as the point of departure for concept validation, refinement, and
analysis.

The five subtasks performed were:

(1) Requirements Analy:is: Develop the baseline instrument specifications and design,
including error budgets, to meet the combined ocean salinity and soil moisture requirements,
and perform simulations and system trades to optimize the baseline configuration.

(2) Mesh Radiometric Performance: Perform laboratory measurements of mesh emissivity and
predict the radiometric performance of the reflector in a simulated orbital thermal
environment.

(3) Antenna and Feed Design: Design and optimize the reflector and feed configuration to
achieve a compact lightweight design and evaluate the antenna beam performance under
simulated spaceborne conditions.

(4) Lightweight Radar Electronics: Design a lightweight radar system with mass, volume, and
power estimates that reet the requirements of a baseline low-cost science mission. (It was
determined early in the study that the radiometer electronics were not a primary technology
driver; hence, this subtask emphasized the radar electronics.)

(5) Antenna, Spacecraft, and Launch Vehicle Configuration and Optimization: ldentify and
evaluate deployable mesh antenna concepts and low-cost spacecraft and launch vehicles.
Investigate the dynamics and attitude control of the antenna and spacecraft system and the
ability of the overall system to meet the science requirements.

The key system characteristics are listed in Table 1.2-1. The system features a 6-m diameter
offset-fed parabolic reflector antenna mounted on a small spacecraft bus. The antenna rotates
about the nadir axis. The spacecraft can be either 3-axis-stabilized with the antenna mounted on a



Table 1.2-1. Summary OSIRIS System Parameters

* Deployable-mesh, parabolic reflector ® 1.2° pointing control (0.1° knowledge) (30)

® 6-m-diameter aperture ® Polar, 6am/6pm sun-synchronous orbit

® 36° offset angle beams ® 600-km altitude

¢ 6-rpm rotation rate ¢ 40-km spatial resolution
1.26 GHz radar; VV, HH, VH, HV ¢ 3-day global coverage
1.41 and 2.69 GHz radiometer; V, H (1.4 GHz ® Measurements of ocean salinity and soil
polarimetric) moisture

¢ 2 multichannel feedhorns (each L- and S-band, ¢ Concept extendable to measurements of ocean
V and H pol) winds, sea ice, and snow

¢ Feedhomn dimensions 0.6 x 0.6 x 0.9 m ® Explorer-class mission

e Approx. equal beamwidths all channels ® 3-year mission lifetime

® >90% beam efficiency; <-18 dB cross-pol ® Taurus-class launch vehicle

spun platform, or the spacecraft and antenna can rotate together as a rigid body. There are dual
identical feedhorns providing two antenna beams, allowing the reflector to spin at a moderate rate
(6 rpm) while providing overlapping 3-dB-footprint coverage at Earth’s surface. With a polar
Sun-synchronous orbit, at a nominal altitude of 600 km, the spatial resolution achieved is about
40 km and global repeat coverage at the equator is achieved in 3 days. The radiometer operates
in protected frequency bands at 1.41 and 2.69 GHz while the radar operates at 1.26 GHz. Each
feedhorn includes an identical set of radiometer and radar frequencies and polarizations. The
rationale leading to this system design is provided in Section 3.

1.2.2 Technology Readiness

The task plan was developed with the intent of advancing the technology readiness of the OSIRIS
concept to an acceptable level for an Earth science mission, and to organize the team
contributions and subtask schedules to accomplish this intent. Based on the state of the
technology, and the performance knowledge of each subsystem at the start of the task, the entry
level for the overall system was estimated to be at technology readiness level (TRL) 4. At this
level, analytic proofs-of-concept of individual components and subsystems have been performed,
demonstrating a capability to meet the performance required of a potential flight mission. The
desired exit level of the task was TRL 6-7. This level requires that all subsystems should have
been demonstrated in a relevant (space or ground) environment, and thermal and mechanical
modeling of all subsystems working together in a simulated space environment should have been
done. The following step would be an actual flight of the system in a space mission.

1.2.3 Team Organization

The study was managed by the Jet Propulsion Laboratory (JPL) in collaboration with the NASA
Langley Research Center (LaRC). Major parts of the study were performed through subcontracts
with the University of California Los Angeles (UCLA), Science Applications International
Corporation (SAIC), TRW and TRW Astro Aerospace, and Spectrum Astro. Table 1.2-2 shows
the breakdown of the key team member responsibilities by subtask. Many other individuals also
contributed to the study. Team-I is a concurrent design environment within the JPL Project
Design Center that provided support to the OSIRIS team. The Advanced Radar Technology



Table 1.2-2. Team Member Roles and Responsibilities

Subtask Team Member

0. Team Coordination E. Njoku (JPL)

1. Requirements Analysis E. Njoku (JPL), W. Wilson (JPL), S. Yueh (JPL)

2. Mesh Measurements T. Campbell (LaRC), W. Lawrence (LaRC)

3. Antenna and Feed Design Y. Rahmat-Samii (UCLA), W. Wilson (JPL)

4. Lightweight Radar Electronics S. Yueh (JPL), W. Wilson (JPL), R. West (JPL), G.
Sadowy (JPL), D. Farra (JPL), W. Edelstein
(JPL/ARTP)

5. Antenna, Spacecraft, and Launch Vehicle R. Freeland (JPL), R. Helms (JPL), H. Feingold

Configuration and Optimization (SAIC), K. Oxnevad (JPL/T eam-I), M. Thomson

(TRW), G. Konicke (Spectrum Astro)

Program (ARTP) at JPL prcvided shared funding in support of the Lightweight Radar Electronics
subtask.

1.3 REPORT OUTLINE

The organization of this report is as follows. Section 1 provides an outline of the study and
conclusions of the work prrformed. Section 2 provides a brief background on mesh antenna
issues relevant to the present study. Section 3 presents the science requirements for ocean salinity
and soil moisture, the OSIRIS baseline design, and an analysis of the required accuracies and
error budget. In Section 4 an evaluation of the baseline design is provided, and the selections of
candidate antennas and spa:ecraft are described. The selected antenna and spacecraft were used

in the analyses of the antenna/spacecraft rotational dynamics and attitude control (Section 8).

In Section 5 the design of the antenna and feedhorn configuration is described, and results of
antenna pattern calculatiors are presented for the dual-feedhorn configuration. Results of the
weight-reduction optimization of the feedhorns are described. Section 6 describes the methods
and results of laboratory measurements performed to characterize the emissivities of mesh
samples. An assessment is provided of the impact of mesh emissivity and orbital thermal
environment on the OSIRIS measurement precision and stability. Section 7 describes the design
and performance characteristics of a lightweight radar subsystem suitable for OSIRIS.

The studies reported in Sections 3 through 7 collectively defined the optimized OSIRIS baseline
system. The specifications of this system were used as the basis for two industry studies,
described in Section 8 of this report, that were carried out during the second year of the study.
These studies evaluated the rotational dynamics and attitude control of the combined
anténna/spacecraft system and the overall capabilities of the spacecraft to support the OSIRIS
system requirements. The industry contract reports are included in the Appendices.

1.4 PUBLICATIONS

Two journal papers (Njoku et al., 2000a; Yueh et al., 2001) and four conference proceedings
papers (Njoku et al., 2000b, 2001; Wilson et al., 2000; Lawrence and Campbell, 2000) have been
published describing the OSIRIS concept, feasibility, and error analysis.



1.5 KEY RESULTS AND CONCLUSIONS

Sections 3 through 8 of this report document work performed and results obtained in this study.
The key results and conclusions are presented below.

Our overall conclusion from this study is that the OSIRIS concept represents a challenging yet
feasible and low-cost approach to the remote sensing of soil moisture and ocean salinity. This
conclusion is based on the following. ( 1) The AstroMesh antenna design is flight proven, and a
12-m version has been launched and deployed successfully in geosynchronous orbit. Discussions
with the manufacturer indicate that the operational antenna radiation patterns (gain and sidelobe
levels) are better than expected. (2) Designs of the antenna feedhorn and radar electronics have
been completed that lead to a lightweight instrument system with antenna pattern characteristics
and calibration stability that meet the science requirements. (3) Existing catalog spacecraft have
been evaluated that are capable of supporting and controlling the instrument to within the desired
pointing accuracy with only minor modifications to the spacecraft. The study included
simulations of the spin dynamics of the Spacecraft/antenna system and design of the antenna
balancing scheme and spacecraft attitude control systems. The entire payload can be launched to
the desired orbit with a Taurus-92 launch vehicle. (4) Laboratory measurements of vendor-
provided mesh samples show that the reflector mesh emissivity is low enough to provide
sufficient calibration stability for soil moisture measurements and, with careful modeling of the
temperature variations of the reflector surface in orbit, sufficient calibration stability for ocean
salinity measurements.

1.5.1 Requirements Analysis

Science requirements for ocean salinity and soil moisture, derived from recent NASA workshops,
were used to develop the baseline OSIRIS instrument concept including a detailed set of
performance characteristics. A retrieval analysis for sea surface salinity (SSS) using these
performance characteristics showed that the system is capable of achieving the required 0.2 psu
SSS accuracy if the stringent requirements imposed on instrument sensitivity and calibration
stability can be met and a detailed accounting of geophysical error sources is included in the
retrievals. The key requirement for SSS is a radiometric error, including instrument noise,
geophysical modeling error, and calibration error, of better than ~0.3 K at 50-km resolution. The
non-zero emissivity of the mesh reflector may cause the calibration error to exceed the feasibility
limit for salinity sensing if the physical temperature of the mesh cannot be characterized
adequately in orbit. For soil moisture, the system is more than capable of meeting the required
0.04 g cm™ accuracy since the required radiometric error is ~1 K.

1.5.2 Concept Definition

The TRW AstroMesh antenna and Harris DTS antenna were both identified as viable mesh
antenna candidates. The AstroMesh antenna was selected for this study based on the deployed
stiffness advantage due to the perimeter truss design for a spinning configuration and the ready
availability of data on this antenna from the manufacturer (TRW Astro). Spacecraft buses from
TRW and Spectrum Astro, available in the RSDO catalog, were identified as viable candidates
for the rigid-spinner or 3-axis-stabilized configurations. The Taurus (92-inch fairing) was
identified as the lowest cost launch vehicle with sufficient payload volume and mass performance
to the required orbit. The configuration with the antenna above the spacecraft was determined to



be optimal. Configuration drawings of the antenna reflector, interface boom, and satellite bus
within the Taurus 92-inch fairing, and a proposed deployment sequence were developed to show
feasibility. A preliminary attitude control system (ACS) analysis was done. The momentum
storage requirement was determined to be in the range of 120 N-m-s (3-axis) to 200 N-m-s
(spinner). A preliminary structural analysis of the reflector and boom was performed by Team-I
to determine the boom stiffness required for minimal rotational deflection of the reflector. Based
on recommendations resulting from the initial SAIC and Team-I studies, two parallel approaches
for the OSIRIS spacecraft were subsequently pursued.

1.5.3 Antenna and Feed Design

A compact, offset-fed, parabolic reflector antenna system (/D = 0.6) was designed to produce
from Earth orbit dual-beam mapping coverage of the Earth’s surface. A compact (minimum-
length) corrugated horn feed was designed, and the effects of feed displacement for the dual-
beam application were examined. The radiation performance of the reflector antenna system was
studied in detail in terms of key radiation characteristics, including far-field patterns, beam
contour patterns, and reflector surface distortions. The effects of anticipated random distortions
of the reflector surface were included. Taking into account the multifrequency, offset, dual-beam
requirement, it was shown that the design would provide antenna patterns with good symmetry,
sidelobe, and cross-polarization characteristics. The required 90% beam efficiency would be met
provided the random surface error was below 1.4 mm (imposed at the 2.7-GHz frequency). At
1.4 GHz the required surface error is 3.9 mm. It was assumed that a suitable feeding network
would be developed for the horns to separate the signals at the three different operating
frequencies and two polarizations. The return loss of this network was not included in the
analysis.

The corrugated feedhorn design was optimized for weight reduction using brute-force and genetic
algorithm (GA) approaches. Significant weight reductions were realized by careful choice of the
number and thickness of the corrugations while maintaining the radiation pattern performance.
Genetic algorithms are a powerful tool in the optimization of corrugated horns, and in this case
proved effective in reducing the horn length by 12.3%. The GA-optimized horn also provides
superior reflection loss (13-dB improvement) over the brute-force design. The estimated weight
of the feedhorn is about 15 Ib. The manufacture, testing, and space qualification of the feedhorn
design should be carried out as part of a subsequent flight program.

1.5.4 Mesh Measurements

A Materials Emissivity Mcasurement System (MEMS) facility was developed at the NASA
LaRC to perform precisicn radiometric and vector network analyzer measurements of the
emissivity of commercial mesh samples. The measurement system improved on an earlier system
developed at LaRC in the 1980s for similar purposes. The measured emissivities were ~0.003
(10.001) and 0.008 (£0.002) for meshes of 20 and 10 openings per inch (opi), respectively. The
denser weave (20 opi) exhibited lower emissivity. The effects of varying tension or temperature
on the mesh emissivity were not measurable within the accuracy of the measurement system.

A thermal analysis of the reflector mesh was performed using a membrane model with
appropriate materials characteristics and in-orbit simulated heating inputs (Sun and Earth). The
results showed an average mesh temperature of 380 K, and peak-to-peak deviations of $20 K for



the vernal equinox (best case) and +122 K for the winter solstice (worst case). For the 20 opi
mesh these ‘uncorrected’ temperature variations give rise to peak-to-peak errors of +0.06 and

10.37 K for the best and worst cases, respectively. This is acceptable for measurement of soil

moisture but not for salinity measurement. For a Sun-synchronous orbit, however, given the
repeatability of the mesh temperature variability from orbit to orbit, the variability should be
predictable to at least 20% or better. In this case the ‘corrected’ temperature variations would
give rise to peak-to-peak errors of £0.012 and +0.074 K, respectively (a factor of five

improvement). These errors are acceptable for salinity measurement, particularly since the worst
case (winter solstice) results are due to eclipse periods that are of short duration compared to the
annual cycle, such that the measurements are degraded for a limited period of time. It should be
noted that an in-orbit calibration bias and variability correction, as described above, is usually
necessary in microwave radiometry. For instance, Wentz et al. (2001) describe the method used
for correcting the Tropical Rainfall Measuring Mission Microwave Imager (TRMM/T MI) data,
which had much larger antenna calibration bias variations than anticipated for OSIRIS.

1.5.5 Radar Electronics

It is important to keep the overall mass low for a mechanically scanning instrument to reduce the
requirement for spacecraft momentum compensation. Advanced technology radar designs were
explored in this study for the radio frequency subsystem (RFS), command/data/timing subsystem
(CDTS) and power subsystem. MMIC designs were considered for the radar receivers, and solid
state amplifiers for RF power transmitters, to reduce the size and weight of the RF subsystem.
Information was drawn from prior studies conducted under the JPL Advanced Radar Technology
Program (ARTP) over the past few years.

A detailed design of the radar electronics subsystem was performed. The radar is a dual-
polarized, L-band (1.25 GHz), slow-chirp system. The projected sensitivity of the system as
designed was calculated and found to agree with the performance specifications. Power, volume
and mass estimates were made using components mostly with proven space heritage. A
laboratory breadboard polarimetric radar for ocean wind and salinity sensing was built and tested
using contributed funding. The breadboard system demonstrated the required gain and phase
stability and performance of the radar calibration loop.

1.5.6 Antenna, Spacecraft and Launch Vehicle Configuration

Based on recommendations resulting from the initial SAIC and Team-I system studies, two
parallel approaches for the OSIRIS spacecraft were subsequently pursued. One design focused
on a rigid-body spinner spacecraft, while a second design focused on a three-axis-stabilized
spacecraft. Both were based on low-cost, previously flown spacecraft from TRW and Spectrum
Astro, respectively.

TRW Astro developed a concept and structural design to interface the 6-m AstroMesh reflector
antenna with both the Spectrum Astro Coriolis and TRW T-200 candidate spacecraft. The
interface structure (a) supported the stowed antenna during boost, (b) articulated the stowed
antenna to its operational position, and (c) supported the deployed antenna for the mission
duration. Stowed and deployed configurations for both spacecraft were developed. Stowed
configurations were shown to fit within the fairing constraints of the Taurus launch vehicle.
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Configuration designs were developed for the full complement of necessary structural and
mechanical elements including the reflector, boom (struts, actuators, deployment drive, balance
mass), and tie-downs. Structural analysis was done using the AstroMesh antenna finite element
model (FEM) to determine the dynamic characteristics of the deployed antenna and the quasi-
static deflection of the antenna/boom, and to show that a 6-meter AstroMesh antenna and support
boom can be made sufficiently stiff, and dynamically balanced, to satisfy the OSIRIS mission
pointing requirements. The AstroMesh antenna had a successful first flight and deployment (non-
spinning) on the Thuraya mission in November 2000.

The rigid body spinner proposed by TRW for the OSIRIS mission was based on their T-200 bus
but differed substantially from the rigid spinner configuration considered earlier. The deployed
configuration had the antenna feedhorns mounted on the side of the spacecraft rather than the top.
The TRW launch configurition oriented the spacecraft with the spin axis perpendicular to the
launch axis. Advantages of this configuration included simplified ACS accommodation,
simplified deployment of antenna and solar array, and reduced volume requirements. Issues
associated with this configuration include the need for an inertial product adjustment device to
fine tune the spacecraft center of gravity on orbit, a root damper or higher frequency design of the
solar panels to eliminate potential problems related to their rotation at rates near their natural
frequency, and augmentation of the power subsystem to accommodate the payload requirements.
TRW concluded that the rigid body spinner using their T-200 bus was a feasible approach, with
available margins on payload weight and pointing accuracy. Further analysis is needed, however,
before pursuing the rigid body spinner option in an actual mission.

The Spectrum Astro stucy was based on the three-axis-stabilized bus used in the Coriolis
program. Like OSIRIS, the Coriolis mission required a rotating antenna (smaller, but with a
much higher rotation rate) mounted to a spin table atop a nadir pointing, three-axis-stabilized
spacecraft in Sun-synchronous orbit. Documentation of the Spectrum Astro study was provided
in a set of reports including: (1) a technical summary, identifying the needed changes and
modifications to the Coriclis spacecraft and providing the required set of spacecraft metrics; (2)
results of the FEM analyses; (3) an attitude control study addressing the ACS design and
spacecraft control issues; and (4) a set of spacecraft configuration drawings. The results of the
Spectrum Astro study support the conclusion that the spacecraft design represents 2 feasible, low
risk approach.
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2. BACKGROUND

2.1 ANTENNA STRUCTURE

Key technology aspects of riesh antennas include deployment reliability, deployed stiffness, and
radio-frequency (RF) performance. They include the design of the structural elements, which
control deployment and surface shaping, and the characteristics of the wire mesh materials,
weave and density (openings per inch), which affect the antenna radiation pattern and surface
emissivity. At the beginning of this study, a survey was done of existing mesh antenna designs
and their heritage and technology status. The results of the survey are reviewed in Section 4. The
three designs of primary interest are the radial rib, double-articulated radial rib, and perimeter
truss. All three structural types can be configured as offset-fed parabolic reflectors as required for
OSIRIS. The basic structural elements common to these concepts are discussed below.

2.1.1 Basic Elements

The deployable support structure functions to (1) support the stowed reflector structure, (2)
release the stowed reflector structure on orbit and provide tension to the cable system in order to
bring it to the deployed configuration, and (3) provide on-orbit stiffness and thermal stability.
There are a number of difierent configurations used for these types of structures. The mesh
reflector surface is typically fabricated from 1.2-mil gold-plated molybdenum wire, woven in a
diamond shaped pattern. The required density of the wires is dictated by the wavelength of
operation. Typically, a 10-openings-per-inch (opi) knit density has been used, which provides
excellent reflectivity up to X-band. Denser weaves (20 opi and higher) are being introduced that
can provide improved RF performance. The flexible nature of the knit allows the individual
wires to shift relative to each other when not under tension. This characteristic allows the mesh
to be stowed compactly and then tensioned to the deployed configuration with minimal short
wavelength surface error. The reflectivity and transmission loss characteristics of these wire
meshes have been studied in detail (Rahmat-Samii and Lee, 1985; Imbriale et al., 1991). The
reflector surface shaping system is used to shape the mesh reflector surface, and is a function of
the specific structural design concept. The most commonly used technique is a network of
tensioned cables or webbing that provides a tie-down structure for the large number of flexible
ties that interface with the mesh surface. The larger the number of ties, the higher the resulting
surface precision.

2.1.2 Structural Concepts

Three generic types of deployable mesh antennas were considered for this study, representing the
most mature and applicable designs suited to the OSIRIS requirements. All these designs have
been launched and deployed in space.

(a) Radial Rib Concept. The radial rib is kinematically one of the simplest structural concepts
used for mesh deployable antennas. The best example of this concept is the TDRSS antenna
manufactured by Harris Corp. This structure utilizes graphite epoxy ribs that are hinged at their
base with one simple articulation for deployment. The stowed configuration is a narrow shaped
cylinder. The ribs support the mesh reflecting surface and the network of cables and ties used to
form and maintain the prec:sion reflector surface. The ribs provide the basic support structure for
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the mesh net system and orbital thermal stability and do not have to be high precision themselves.
The disadvantage of this concept is the length of the stowed antenna structure.

(b) Double Articulated Radial Concept. The basic difference between the radial rib and the
double articulated radial rib is that the latter concept utilizes a second hinge located at the
midpoint of the rib. This enables the rib to be double folded to reduce the length of the stowed
structure. This approach is kinematically much more complicated than the simple radial rib due
to the addition of the cables, actuators and mechanisms needed to implement the double fold of
the ribs. Deployed stiffness of the ribs is achieved by using standoffs at the center hinge in
conjunction with tensioned cables to achieve a truss type support structure. The mesh reflector
structure and its surface shaping network of cables and ties is supported by the rib structure. The
two best examples of this concept are the TRW PAMS and the Harris Corp. DTS antennas. Two
12-meter DTS antennas were developed and launched on the geosynchronous mobile
communication satellite Garuda-1 in 2000 (Figure 2.1-1(a)). The TRW PAMS antenna has been
developed to the point of flight readiness at the 10-meter size. The deployed stiffness and orbital
thermal stability for both concepts is high. This structural concept has potential for antenna sizes
up to 20 meters in diameter.

Figure 2.1-1. (a) Harris Corp. 12-m radial-rib antenna in test facility. (b) TRW Astro 12-m
AstroMesh perimeter-truss antenna. () Artist’s concept of AstroMesh antenna. ((a) Courtesy of
Harris Corp.; (b) and (¢c) courtesy of TRW Astro.)
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(c) Perimeter Truss Concept This relatively new structural concept is based on a toroidal-shaped
truss structure that supports the mesh reflector and its surface-shaping network of cables and ties
at their outer perimeter. The toroidal structure consists of a series of deployable truss bays that
are deployed in a synchronized manner with cables located at the top and bottom of the bays.
The stowed structural configuration is in the shape of a cylinder that expands radially to form the
toroidal-shaped truss that stretches the mesh over the open cavity. As with radial rib concepts,
the toroidal truss structure provides deployed stiffness and orbital thermal stability to the antenna.
The best example of this new type of structure is the TRW Astro AstroMesh reflector. A 12-
meter AstroMesh antenna was launched on the geosynchronous mobile communication satellite
Thuraya in 2000 (Figure 2.1-1(b), (c)). This concept has potential for antenna sizes up to 25
meters in diameter and possibly larger. Additional information on the AstroMesh antenna is
provided in Appendix L.

2.1.3 Performance

A significant mechanical issue associated with large mesh antennas is deployment reliability. As
mentioned above, the antenna concepts considered in this study (DTS and AstroMesh) have both
been launched and deployed recently in orbit. The orbital performances of these antennas will
undergo continuing evaluations, while additional launches of these types of antennas are
scheduled to take place during the coming years.

The DTS and AstroMesh antennas were designed initially for applications that require surface
shape precision of 0.5 mr rms. This precision provides a A/40 performance or better at
frequencies up to 15 GHz, and more than meets the OSIRIS requirement. The orbital thermal
stability of the reflector shape for these antennas is also excellent, since composites with
extremely stable thermal materials are used for the support structures. Additionally, the surface
shaping cables and ties use thermally-stable materials such as carbon, kevlar, quartz and others.

2.2 RADIOMETRIC PERFORMANCE

The RF performance of mesh antennas is determined not only by their antenna radiation pattern
characteristics but also by their noise performance and calibration stability. The latter are
influenced primarily by the microwave emission characteristics of the mesh surface. These
characteristics must be assessed so that their contributions to the overall system noise and
calibration error can be predicted, and accurate brightness temperature (Ts) measurements made.
This is particularly important for ocean salinity, which requires a Ts measurement precision and
calibration stability of betier than 0.2 K. Knowledge of the mesh emissivity and the on-orbit
physical temperature variability of the mesh are necessary to determine the calibration stability.
Designing a radiometer for precision measurements from space places stringent requirements on
all components of the radicmeter and antenna system, and also on the laboratory methods used to
characterize these components.

In the early 1980°s the Lungley Research Center (LaRC) and the Naval Research Laboratory
(NRL) collaborated to investigate the suitability of a mesh reflector for a Low Frequency
Microwave Radiometer (1.LFMR) instrument that was proposed for the Navy Remote Ocean
Sensing Satellite (NROSE) program (Figure 1.1-1). In this effort LaRC developed several
experimental measurement systems based on radiometric principles, and determined the
emissivities of typical mesh materials, metallized membranes, and coatings. The emissivity of
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the mesh materials was measured directly by using a laboratory radiometer to determine the
brightness temperature variations of the mesh samples over a known temperature range. The
accuracy of this method was maintained by using a very stable cryogenic load as a reference
source for the radiometric sensor. The results of this study indicated that mesh materials were
acceptable for radiometer applications but knowledge of the mesh properties would be necessary
for accurate calibration. These studies have been continued in the present work. Section 6
describes the advances made in the LaRC mesh emissivity measurement system as part of this
study and the new measurement results obtained.
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3. REQUIREMENTS AND BASELINE CONCEPT

3.1 OUTLINE

As a first step in the OSIRIS study top-level system requirements were defined and a baseline
design concept was developed that could be used in subsequent analyses and trade-offs. The
design process included development of an error budget that could be used to specify
requirements for the instrument subsystems and assess the in-orbit operation of the system. The
requirements analysis subtash addressed the following objectives:

(1) Review the requirements for ocean salinity and soil moisture as science drivers for the
spaceborne deployable mesh antenna system. Considerations include retrieval accuracy,
spatial and temporal resolution and coverage, orbit characteristics, mission duration, data
system, and system cost.

(2) Design an instrument and spaceborne implementation to meet the science requirements.
System specifications include antenna type and size, scanning mode, radiometer and radar
characteristics, and data sampling. These specifications depend on the physics of ocean
microwave emission and scattering, instrumentation options, and desired orbit, spatial
resolution and coverage characteristics.

(3) Develop an error budget and perform retrieval simulations to show the capability of the
baseline system relative to the science requirements. The error budget leads to requirements
on antenna pointing (control and knowledge), radiometer and radar calibration, and antenna
beam characteristics that have implications on mesh emissivity requirements, receiver design,
reflector and feed design, spacecraft integration, and attitude control. These requirements
form the starting point for other subtasks of the study.

3.2 REQUIREMENTS

An earlier concept for soil moisture and ocean salinity sensing using a large inflatable antenna
was described by Njoku et al. (1999). That concept used a 10-m effective aperture conical-
pushbroom system and dual-polarized L- and S-band frequencies. An analysis of the soil
moisture science requirements and retrieval method was presented in that paper as a basis for
determining the instrument and mission system requirements. In the present study the soil
moisture analysis is not repeated. The analysis here focuses on ocean salinity as the driver for the
instrument and mission requirements. Salinity sensing requires better radiometric precision,
calibration stability, and correction for geophysical perturbations than soil moisture sensing,
although the spatial resolution requirements (at least for open ocean) are less demanding than for
soil moisture.

Science requirements for sea surface salinity (SSS) and soil moisture were developed
independently in a series of workshops organized as part of NASA's strategic planning process
(Lagerloef, 1998; Jackson, 1999; NASA, 2000). The requirements are summarized in Table
3.2-1.

The salinity requirements are based on improving seasonal-to-interannual El Nifio Southern
Oscillation (ENSO) climate predictions, improving ocean rainfall estimates and global hydrologic
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Table 3.2-1. Science Requirements for Sea Surface Salinity and Seil Moisture from Space

(a) Sea surface salinity (Lagerloef, 1998)

Temporal

Application Accuracy Spatial Resolution Resolution
ENSO Variability 0.2 psu 100 km 1 week

Water Budget <0.1 psu 200 km 1 month

(b) Soil moisture (Jackson, 1999)

Temporal

Application Accuracy Spatial Resolution Resolution
Hydroclimate 0.04 g cm™ 40 km 3 days
Hydrometeorology 0.04 g cm™ 10 km** 3 days

** Not considered in the present study

budgets, and monitoring large-scale salinity anomalies, such as tracking interannual SSS
variability in the Nordic Seas. The accuracy requirements depend on the space and time scales of
the phenomena to be resolved. The signal for the ENSO problem is estimated to have a length
scale of >100 km, a weekly time scale, and a strength of 0.05 to 1 psu. The accuracy requirement
for surface water flux has been estimated as ~0.05 psu, at 2° x 2° lat-lon and monthly resolution

in low to mid latitudes, while the high-latitude salinity variability signal is ~0.01 psu at ~100 km.
This latter signal will be difficult to detect using remote sensing. To address the first two
objectives an accuracy goal of 0.2 psu, at 100-km, 1-week space and time scales is adequate.
Depending on the correlation scales of the measurement errors, and the ability to assimilate in situ
data for calibration, improved accuracy may be achievable at larger space and time scales.

The soil moisture applications require spatial resolutions that are determined by the scales at
which variations in soil moisture affect the local weather (~10 km) and intraseasonal climate (~40
km). These are the hydrometeorology and hydroclimate scales, respectively. The 10-km
resolution, using real-aperture sensing, requires a larger antenna (~25 m) than studied here. The
6-m antenna OSIRIS baseline concept will thus not meet the hydrometeorology requirement. In a
subsequent study a modification of the OSIRIS concept to include a synthetic aperture radar has
been investigated that can meet the hydrometeorology requirement in low-vegetated areas (Njoku
et al., 2001). Follow-on studies are also being conducted as a continuation of this IIP task to
investigate the feasibility of scaling the OSIRIS concept to larger antenna diameters to provide a
10-km radiometric resolution. The soil moisture accuracy requirement of 0.04 g cm™ provides
approximately ten levels of soil moisture discrimination between dry and saturated.

The requirements for ocean salinity were combined with those for hydroclimate soil moisture as
the joint set of requirements for this study. This was considered an appropriate approach for a
technology feasibility study. Some of the requirements can be relaxed for a discipline-focused
salinity or soil moisture mission.

18



3.3 BASELINE SYSTEM

3.3.1 Physics Basis

At frequencies below ~3 GHz, an increase in SSS causes a significant increase in sea water
conductivity and dielectric constant magnitude, decreasing the surface emissivity and brightness
temperature (Swift, 1980). SSS can thus be inferred from observations of ocean brightness
temperature in this frequency range. Other geophysical factors also affect the brightness
temperature, such as SST, wind-induced roughness, atmospheric attenuation, sun glint, Faraday
rotation, and galactic noise. Correction or avoidance of these factors is necessary to estimate SSS
accurately. Figure 3.3-1 shows the computed sensitivities of brightness temperature (T5) to SSS,
sea surface temperature (SST), and wind speed as functions of frequency in the range 1-20 GHz,
at 50° incidence angle, for vertical and horizontal polarizations. The curves were computed as
described in Njoku et al. (2000a). The sensitivity is defined as 9T, /0p, where p is SST, SSS, or

wind speed. The frequency and polarization dependencies shown in Figures 3.3-1(a) and (b) are
representative of typical ccean parameter values. The magnitude of the sensitivity to SSS
decreases rapidly as frequency increases. The sensitivity to SST increases from a negative value
to a peak in the broad range of 4-10 GHz. The sensitivity to wind speed increases with frequency
until atmospheric effects reduce the sensitivity above ~17 GHz. The sensitivities to SSS and SST
are greater at V than at H polarization, while the converse is true for wind speed.

(b) Herizontal

58
» [ ]
Wind Speed (K/m 7)

Figure 3.3-1. Modeled sensitivity (3Tp/ Op ) of brightness temperature T to geophysical parameters
p (SSS, SST, and wind speed) as functions of frequency, at 50° incidence angle, for: (a) vertical and
(b) horizontal polarizations. Baseline values used are: SSS = 35 psu, SST = 25 °C, wind speed =

10 m s", and precipitable water = Jcm.

The differences in sensitivity to SST, SSS, and wind speed as functions of frequency and
polarization allow these parameters to be estimated independently using multifrequency, dual-
polarized measurements. L-band (~1.4 GHz) is the optimum frequency range for sensing SSS,
since the brightness temperature sensitivity to SSS is high, and the sensitivities to SST and wind
speed are low in this range. Dual-polarized measurements at S-band (~2.7 GHz) or C-band
(~6 GHz) have higher sensitivities to SST and wind speed than at L-band, and lower sensitivities
to SSS, and hence can be used to correct for the effects of SST and wind speed in estimation of
$SS. To provide additional sensitivity and accuracy for the wind-induced roughness correction it
is advantageous to include scatterometer (radar backscatter) measurements at L-band.
Backscatter is more sensitive to surface roughness than emissivity and is relatively insensitive to
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approximately the same frequencies and spatial resolutions so that similar roughness and spatial
scales are sensed.

minimizing the SSS retrieval error as a function of different multichannel combinations.
However, the simulations described below indicate the benefits of including radar channels in
addition to the radiometric channels. The two key issues addressed in the simulations were: (1)
determining how well SSS could be measured using the baseline system; and (2) determining the
performance specifications required of the sensor subsystems for such SSS measurements.

3.3.2 System Design

A traceability matrix is shown in Table 3.3-1 indicating the derivation of the baseline system
characteristics. The design was derived from the science requirements listed in Table 3.2-1. A
low cost (less than about $120M as of FY99) and duration of 3 years were assumed as guidelines
for an explorer-class science mission. The space/time resolution for SSS of 100 km/1 week can

requirements for radiometric precision of 0.1 K and calibration stability of 0.2 K, radar precision
and stability of 0.2 dB, incidence angle of >40°, and a conical-scan (such that the incidence angle
remains fixed across the swath). The corresponding precision and stability requirements for soil
moisture are 0.7 K. A beam-pointing knowledge of 0.1° is required to keep the corresponding
brightness temperature uncertainty to less than 0.15 K. Pointing control to within about half a
3-dB beamwidth is necessary for accurate geolocation. A polar, 6 am/6 pm Sun-synchronous
orbit is required to obtain global coverage and to minimize Faraday rotation. This orbit is also
advantageous from the point of view of thermal stability of the instrument and utilization of solar
power.

Two configurations were initially considered for the OSIRIS application: (a) Conical-Scan—in
which a wide swath is generated by rotating an offset-fed parabolic reflector with a small number
of feeds about a vertical axis; and (b) Conical-Pushbroom—in which the swath is generated by a
large number of feeds, or a few scanning feeds, at the focus of a non-scanning parabolic-torus
antenna. The conical-pushbroom concept has the advantage that the reflector itself does not scan.
However, the overall diameter of the reflector must be significantly larger, and the feed system
and deployment are more complex. The conical-scan configuration on the other hand js
conceptually simpler and cheaper, but the rotating reflector places increased demands on the
spacecraft attitude control system. On balance, considering technology readiness, cost, and risk,
the conical-scan configuration was adopted for the OSIRIS baseline design. A 6-m antenna was
considered adequate to meet the science requirements. Due to the limitations on mission cost,
compact low-mass and low-power designs are required for the radiometer and radar electronics
and feeds. Corrugated horns allow a more compact feedhorn design. Equal beamwidths at all
channels are desirable so that all channels view approximately the same surface footprint. This
improves the accuracy of the geophysical retrievals. The requirements on beam efficiency,
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Table 3.3-1. OSIRIS Requirements and Design Traceability Matrix

Science and Mission

Requirements

Instrument and
System Requirements

Instrument and
System Design Elements

Accuracy
0.2 psu (salinity)
004 g cm” (soil
moisture)

Space-time resolution
of product

100 km, 1 week
(salinity)

40 km, 3 days (soil
moisture)

Space-time resolution
of raw data

40 km, 3 days

Mission duration
3 years

Radiometers

.41 and 2.69 GHz, H& V
11.41 GHz polarimetric)

1).1 K precision, 0.2 K stability
{salinity)

0.7 K precision, 0.7 K stability
{soil moisture)

Radar

:.26 GHz

YV, HH, VH, HV

(0.2 dB precision and stability
Antenna

t-m aperture

ointing
I'ixed-incidence-angle beams
>-40° incidence

Control: 0.5x beamwidth (30)
Knowledge: 0.1° (30)

Swath Width
~-1000 km

Orbit

Polar, sun-synchronous,
¢ am/6 pm equator crossing

Radiometers and Radar
Compact, low mass, low power
design

Antenna

Offset-fed parabolic reflector, 6-m
aperture, deployable-mesh, offset
angle ~36°

Rotation rate ~6 rpm

Two corrugated-horn multichannel
feeds

Equal beamwidths all channels
>90% beam efficiency, >35 dB
gain, <-18 dB cross-polarization
Orbit

Altitude 600 km

Spacecraft

Full-spinner or 3-axis-stabilized
with spinning platform

System Calibration

Cold-space view, in-situ data
Launch Vehicle

Taurus class

antenna gain, and cross-polar:zation provide good sensitivity for the retrievals and avoid the need
for antenna pattern corrections. Absolute calibration of the entire system in orbit, including the
antenna reflector calibration and pointing control, can be accomplished by occasionally rotating
the entire system to provide & cold-space view and by calibration against stable in situ targets on
the surface.

A number of configurations were considered for the orientation of the antenna and the position of
the antenna relative to the spicecraft. Stability considerations dictated that the center of mass of
the spinning system be on the vertical rotation axis. Due to the requirement to minimize the
amount of solar radiation entering the feedhorns and reflector sidelobes during a full rotational
scan of the antenna, a configuration with the feedhorns below the reflector was chosen. A
preliminary analysis indicated that, for this configuration, positioning the spacecraft below rather
than above the antenna would result in a system that was simpler to deploy and control in orbit,
and would place the radar and radiometer electronics close to the feeds and the spacecraft data
system. Hence, this configuration was adopted for the baseline system. An artist’s depiction of
this configuration is shown above in Figure 1.1-2.
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3.3.3 Instrument Characteristics

The complete set of derived system characteristics is summarized in Table 3.3-2. The antenna
system is a rotating, offset-fed, parabolic-mesh reflector, with two identical multichannel
feedhorns. The two feedhorns provide separate beams that provide increased sampling and allow
the antenna system to rotate half as fast as would be necessary with a single beam. The combined
antenna and feed system rotates about the vertical axis, with antenna beams offset at ~36° from
nadir, providing a wide-swath conical scan. As the spacecraft moves, the 3-dB antenna footprints
provide overlap along and across track in a helical coverage pattern. The rotation rate of 6 rpm
with two beams provides overlapping contiguous footprints at the surface. At an orbit altitude of
600 km, the 6-m antenna provides about 40-km spatial resolution, an incidence angle of about
40°, and a swath width of 900 km. (At an altitude of 800 km, the corresponding parameters are
56-km spatial resolution, 42° incidence angle, and 1200 km swath width.) A low orbit is
preferred from the point of view of improved spatial resolution. However, at orbit altitudes lower
than about 600 km atmospheric drag becomes a concern, requiring more attitude control and orbit
maintenance and increased fuel.

Mission cost constraints require that the stowed volume of the instrument and spacecraft fit
within a Taurus-class or smaller launch vehicle. The spinning antenna requires a spacecraft that
either rotates with the antenna as a rigid body or is 3-axis stabilized and has a spinning platform
on which the antenna is mounted. As discussed in Section 4, the large spinning antenna places
demands on the spacecraft attitude control system to meet the requirements for pointing control
and knowledge. The instrument mass and power estimates (obtained as discussed in Sections 5,
7, and 8 for the feedhorns, radar, and reflector/boom) are shown in Table 3.3-3. The mass and
power estimates used by Spectrum Astro in their analysis (Appendix II) differ slightly from these
due to additional S/C interface, margin, and uncertainty assumptions.

3.3.4 Data System

For a mapping system it is required that the antenna footprints of adjacent samples overlap at
least at the 3-dB level both along and across track. This requirement determines the sensor
sampling rate and the antenna scan rate for a given orbit altitude, antenna diameter, and number
of beams. A preliminary analysis indicated that no more than two feedhorns could be easily
accommodated on a small spacecraft since each feedhorn at L-band has a diameter of about
0.64 m. Figure 3.3-2 shows the design for the positions of the feedhoms, placed adjacent to each
other with centers offset by 12 c¢m to either side of the scan line.

This feed placement provides the antenna footprint spacing shown, with centers offset by 17.25
km to either side of the scan line and a designed 25% overlap of the 3-dB footprints in the along-
track direction. The footprints are shown as approximately circular since the radiometer
integration time smears out the short dimension of the elliptical footprint in the cross-track
direction to make the effective footprint shape of each sample approximately circular.

OSIRIS is a coarse-resolution system with a relatively low data rate. It is advantageous for the
radiometer and radar data system to sample at a higher rate than required for 3-dB footprint
overlap in the cross-track direction. The samples can then be averaged to obtain approximately
co-registered footprints at all channels. Given these sampling design characteristics, the required
antenna spin rate, sensor integration times and data rates were computed. The spin rate was
determined as 6 rpm. The data rate calculation is shown in Table 3.3-4, giving a total data rate
for the system of 25.6 Kbps.
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Table 3.3-2. Key Baseline System Characteristics

Radiometer frequencies
Radiometer polarizations

1.41 and 2.69 GHz
H, V (1.41 GHz polarimetric, U)

Radar frequency 1.26 GHz

Radar polarizations VvV, HH,VH, HV

Antenna type Offset-fed, parabolic, deployable mesh reflector
Aperture diameter 6m

Nadir offset angle 36°

Number of feedhorns 2 (each L/S-band, V/H-pol)
Beamwidths 2.6° (approx. equal in all channels)
Antenna gain >35dB

Beam efficiency >90%

Cross-polarization <-18dB

Orbit type Polar, sun-synchronous, 6 am/6 pm
Altitude 600 km

Spatial resolution 35%x45km

Swath width 900 km

Rotation rate 6 rpm

Global coverage 3 days

Pointing control/know ledge 1.3°/0.1° (30)

Radiometer rms noise per pixel** 0.1K

Radiometer calibration stability 02K

Radar precision/stability 0.2dB

Data rate 25 Kbits/sec

Launch vehicle Taurus class

Mission duration 3 years

*» Qver ocean, 100 MHz bandwidth, averaging forward- and rear-view pixels. Over land, the bandwidths are reduced
to 25 MHz and 10 MHz, respectively, to minimize radio-frequency interference.

Table 3.3-3. OSIRIS Baseline Instrument Mass and Power Summary*tt
(3-Axis-Stabilized Option)

Mass (Kg) Power (W)

Mesh antenna and bootn™ 45
Feedhorns™ (2) 15
Radiometer (front-end)* 5 24
Radiometer (back-end* 10 20
Radar RF subsystem (iront end) + 5 81
Radar digital subsystein (front-end) + 10 18
Radar digital subsystemn (back end)* 10 30
Spin assembly** 50 20

Total 150 193

++ Margin and uncertain'y not included

* Spun side
* De-spun side
** Includes feed and ele tronics support structure and spin mechanism, but not momentum wheel assembly
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Figure 3.3-2. OSIRIS feedhorn placement and footprint spacing.

Table 3.3-4. Data Rate Calculation

Antenna spin rate 6 ipm
Sampling rate 100 Hz
Sample spacing along scan 2.83 km
Integration time per footprint 124 ms
Word length (includes overhead) 2 bytes
Number of radiometer channels 6

Number of radar channels 4

Number of beams 2
Radiometer data rate 19.2 Kbps
Radar data rate* 6.4 Kbps
Total data rate 25.6 Kbps (2.2 Gbit/day)

* Radar uses one beam only

Various scenarios were investigated to determine the data downlink and onboard storage
requirements for the baseline system. The scenarios considered the OSIRIS orbit, data rate, and a

Three of these scenarios involved use of the NASA Wallops and Alaska ground stations. A
fourth scenario considered use of Universal Space Network (USN), a commercial company that
supplies tracking and operations services'.  Table 3.3-5 summarizes the storage and
telecommunications information for each of the scenarios.

! http://ww.uspacenetwork.com
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Table 3.3-5. Data Downlink Scenarios

NASA/GSFC NASA/GSFC NASA/GSFC USN

(4 pass/day) (2 pass/day) (1 pass/day) (4 pass/day)
Data volume/day 2.2 Gbit 2.2 Gbit 2.2 Gbit 2.2 Gbit
Onboard data storage 1.6 Gbit 1.2 Gbit 2.2 Gbit 0.6 Gbit
Onboard bus data rate (.2 Mbps 2.3 Mbps 4.6 Mbps 1.2 Mbps
Downlink data rate {.2 Mbps 2.3 Mbps 4.6 Mbps 1.2 Mbps
Downlink frequency S-Band S-Band X-Band S-Band
band
Data latency 6-7 hours 12-14 hours 24 hours 6—7 hours
Size of ground antenna Sm 5m 11.3m 5m

Figure 3.3-3 shows the dovmlink timing, and build-up and playback of data on the spacecraft
solid-state recorder (SSR) for the 4-pass-per-day scenario. The top bar illustrates the continuous
data acquisition by the radiometer and radar sensors. Each tick mark on the downlink bar
indicates an available overpass of either the Wallops or Alaska ground station. There are more
passes available than showr. Only the selected passes, spaced approximately 6 hours apart, are
shown. The vertical axis on the lower graph shows the volume in Kbits. For this scenario, an
onboard SSR storage of 0.6 Gbit and a 1.2 Mbps S-band link to a 5-m ground station antenna is
sufficient. The cost is lower for a 2-pass-per-day scenario, but increases again at 1 pass per day
due to the need to go to an X-band downlink for higher transmission rates. The cost of using the
commercial USN system is comparable to the NASA system. The USN system uses ground
stations in Alaska, Hawaii, or Perth, with backups through collaborative station partners in
Kiruna, Santiago and South Africa. The study shows that there are 30—40 opportunities a day to
track the OSIRIS spacecraft with the USN system.

3.4 ERROR ANALYSIS

3.4.1 Retrieval Simulations

Retrieval simulations were performed for SSS to verify that the system design could meet the
stringent salinity accuracy requirements. The error analysis was based on a performance
simulation tool that simulates L- and S-band radiometer and radar measurements for given
satellite orbit characteristics, instrument design, and system performance, including antenna
rotation rate, antenna beam pointing accuracy, and spacecraft attitude errors. Measurement errors
include geophysical and system modeling errors, radiometer and radar signal detection noise, and
sensor calibration errors. The key steps in the approach and the main results are presented here.
Additional details are provided in Njoku et al. (2000) and Yueh et al. (2001).
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Figure 3.3-3. Data downlink and storage volumes for 4 passes/day scenario.

Using climatologies of SSS and SST, wind speeds from ECMWF (European Centre for Medium-
range Weather Forecasting) analyses, and SSM/I (Special Sensor Microwave/Imager) monthly-
averaged atmospheric water vapor and cloud liquid water paths as input fields, simulated
radiometer and radar measurements were computed for incidence angles of 40° and 45°. The
errors assumed in the analysis are given in Table 3.4-1. These are target values based on best
estimates of what is achievable using current technology and the OSIRIS sampling approach.
The errors for the radiometer data consist of three terms including the noise equivalent delta-T
(4T,), the geophysical modeling error (A7,,), and the calibration error (AT,). The radiometer
design under consideration is a total power radiometer with AT, » determined by the system noise
temperature normalized by the square root of the time and bandwidth product. The geophysical
modeling error AT, includes errors in modeling the effects of sea surface roughness, atmospheric

attenuation, and the ionosphere. AT, represents the time-varying portion of the system calibration
errors. Similarly, there are three error terms considered in the simulated radar data, including
signal detection noise (Kp,.), geophysical modeling error (Kp,,), and the calibration error (Kp)).
These Kp terms are defined as the percentage errors in the radar backscattering coefficients.

All the error terms were assumed to be Gaussian with zero mean. Constant calibration bias
offsets were assumed to be removable by adjustment to in situ calibration data. To account for
the time-varying characteristics of the calibration errors, A7, and Kp, were modeled as first-order
Markov random processes with correlation time 7. Assuming a nominal orbit altitude of 600 km,
the spacecraft travels about 1600 km in 4 minutes. Thus, for a correlation time of 4 minutes or
greater, the fore- and aft-look measurements of any pixel within the swath are correlated. For our
analysis, we assumed a correlation time of 4 minutes for AT, » and Kp,. Should a smaller
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Table 3.4-1. Errer Characteristics Assumed in the SSS Retrieval Simulations

(a) Radiometer errors

Spatial Resolution AT, (K) AT, (K) AT, (K) RSS AT (K)

50 km 0.07 0.2 0.2 0.29
100 km 0.035 0.1 0.2 0.23
(b) Radar errors
Spatial Resolution Kp. (dB) Kp. (dB) Kp, (dB) RSS Kp (dB)
50 km 0.2 02 0.2 0.35
100 km 0.1 0.1 0.2 0.24

AT, = radiometer instrumeat noise, AT, = radiometric geophysical modeling error, AT, = radiometer
calibration error. Kp, = radar instrument noise, Kpn = radar geophysical modeling error, Kp, = radar
calibration error. Cases for two spatial resolutions, 50 and 100 km, are shown.

correlation time be assumexl, such that the fore- and aft-look calibration errors are uncorrelated,
then the contribution of these errors will be reduced by averaging the two independent estimates.
AT,, and Kp,, were treated as spatial random processes with correlation length of 50 km. The
terms AT, and Kp. were assumed to be random from sample to sample. The magnitudes of the
simulated errors are summarized in Table 3.4-1 for data averaged within 50- and 100-km square
bins.

The simulated noisy sensor data were processed using a conjugate-gradient method to retrieve
SSS and SST by minimizing a normalized least-square measure. The error measure is defined as
the weighted sum over the measurement channels of the squared differences between the
simulated noisy sensor data and the noise-free model data, with the weights determined by the
total variance of the sensor and geophysical noise. The method was implemented to find the set
of geophysical parameters that minimized the error measure. The retrieved parameters were
averaged over a 7-day (wezkly) period on a 1° x 1° lat-lon grid (~100 km spatial resolution) for

one set of input fields for the month of May.

The weekly-averaged retricval results are shown in Figure 3.4-1 as a set of color maps showing
the global distributions of 3SS and SST. The figure shows the input (“true”) fields, the retrieved
fields, and the differences (“delta”) between the fields, for a 40° incidence angle. (The errors are
similar at 40° and 45° incidence angles.) Comparing the retrieved fields with the true fields, it is
seen that the main features of the SSS and SST fields are correctly retrieved. The difference
maps exhibit vertical striations that reflect the effects of the assumed noise and calibration errors
in the data (which consist of several overlapping swaths). There is a combination of the effects of
time-correlated errors within each swath and error-reduction by averaging of data with
uncorrelated errors where cifferent swaths overlap.
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Figure 3.4-1. Weekly-averaged retrieval results showing global distributions of SSS and SST.

The SSS rms retrieval errors are shown in F igure 3.4-2 for 20° latitude bands at a 40° incidence
angle. At higher latitudes the retrieval errors are greater because the sensitivity to SSS decreases
as SST decreases. Including the L-band radar in the retrieval reduces the rms error by 0.05-0.1
psu. The improvement comes from the enhanced correction for surface roughness. The
improved accuracy and extra capabilities contributed by the radar must, however, be traded
against the increased cost of the system. The results of these simulations show that for 100 km
spatial resolution and 1-week averaging the salinity measurements are expected to have errors of
~0.15 psu in the tropics and sub-tropics and ~0.3 psu in sub-polar regions. It is expected that
additional accuracy can be realized with further space-time averaging, and by co-analysis with in
situ surface data, to resolve weaker signals on longer time scales. This suggests that this
instrument concept can meet the target measurement requirements if the assumptions for
instrument noise and calibration errors of Tabie 3.4-1 are reasonable. Thus, we find that to
achieve the required accuracy for SSS, a radiometer with rms noise (A7) of 0.1 K per pixel and
calibration stability of 0.2 K is adequate. In addition, a radar backscatter calibration stability of
~0.2 dB is required. These requirements have been derived for an incidence angle in the range of
40-45°. It is assumed that bias effects on the geophysical retrievals due to absolute accuracies of
~1 K and ~1 dB for the radiometer and radar, respectively, can be removed by post-launch
adjustments to in situ calibration references.

Also shown in Figure 3.4-2 are the simulated rms errors for an L/S-band cross-track-scanning
radiometer. Only the two outer 300-600 km portions of the swath (corresponding to
approximately 25°-45° from nadir) were used in the simulations. This is because closer to nadir
the difference between horizontal and vertical polarized emission decreases, and the polarization
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Figure 3.4-2. SSS rms retrieval errors for 20° latitude bands
at a 40° incidence angle.

difference provides less information for correcting surface roughness. Even by restricting the
swath to these angles, the retrieval error is significantly degraded over the conical-scan case.
This indicates the significant benefit of the conical-scan configuration for salinity sensing.

A simulation was also performed to determine the sensitivity of the retrievals to characteristics of
the sensor calibration errors. This simulation assumed a calibration error correlation time of
8 seconds as compared with the earlier assumed correlation time of 4 minutes. The shorter
correlation time resulted in 2 significant reduction of retrieval error due to the increased number
of independent samples in each 1° x 1° box within a given swath. This suggests that estimating

and reducing time-correlations in the calibration error will be of major benefit to salinity sensing.

3.4.2 Error Budget

To assess how the assumed calibration accuracies could be realized in practice, a calibration
budget was developed as shown in Table 3.4-2. It is assumed that the absolute calibration bias
can be corrected by empirical comparisons of radiometer and radar observations with in situ data
through adjustment of the geophysical model functions. The geophysical retrieval performance is
then limited by the temporal stability of the calibration. Errors due to non-ideal antenna patterns
can be limited to less than 0 1 K for beam efficiencies of greater than 90%. The mesh reflector
shaping and support structures are constructed of composite temperature-insensitive materials that
are thermally stable in orbit. An antenna beam-pointing error of 0.1° should be feasible. (Note

that in Tables 3.3-1 and 3.3-2 this requirement is expressed as a 30 value to provide margin. It
can be relaxed to a 10 requirement, however.) The accuracy of 0.01° for spacecraft attitude can
be achieved using star trackers.

An internal reference load and highly stable noise diode source are used for the radiometer
calibration. An internal calibration loop is used for the radar. The stability of noise diodes for
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Table 3.4-2. Calibration Requirements Summary

Stability (1 sigma) Bias (3 sigma)
Parameter Radiometer  Radar Parameter Radiometer Radar

Parameter Error (K) (dB) Error (K) (dB)
Antenna beam gain 0.1 0.15 2 0.7
and pattern
Antenna beam 0.1° 0.15 0.1 0.3° 045 0.3
pointing
S/C attitude 0.01° 0.02 0.01 0.03° 0.05 0.03
Calibration noise 0.1K 0.1 0 1K 1 0
source
Radar calibration 0.05dB 0 0.05 1 0 1
loop
Waveguide/coax 0.05dB 0.05 0.01 0.1dB 0.1 0.1
cable loss
RSS 0.2 0.19 25 0.9

radiometer calibration has been demonstrated as part of the JASON (TOPEX follow-on)
microwave radiometer development. The stability of the radar calibration loop has been
demonstrated by testing of the SeaWinds/Quikscat scatterometer (NSCAT follow-on) launched in
June 1999. Taking only the above factors into account, the RSS calibration stability requirements
of 0.2 K and 0.19 dB for the radiometers and radar, respectively, appear challenging but feasible.

The effects of additional losses in the antenna reflector and feed horns must be considered,
however. As shown in Section 6, the finite (non-zero) emissivity of the reflector mesh, and the
uncertainty in the physical temperature of the mesh in orbit, will give rise to a small but
significant noise term of a few tenths K. The implications of this for the OSIRIS salinity and soil
moisture measurements are discussed further in Section 6.

3.4.3 Geophysical Errors

The geophysical modeling error of AT,, = 0.2 K assumed in Table 3.4-1 is also a challenging
target. This is a requirement on relative and not absolute error, and is related to the error in
modeling geophysical variability. To estimate the feasibility of this target for salinity sensing, the
contributing geophysical error sources and their impact on the retrievals must be considered. A
detailed analysis of the error sources performed in this study has been published in the paper by
Yueh et al. (2001).

Table 3.4-3 lists the major geophysical variability effects on the relationship between brightness
temperature and SSS at L-band. The symbols indicate which effects can potentially be corrected
in retrieving SSS. The effects on retrieving soil moisture are also listed. Minor effects influence
the brightness temperature by less than a few Kelvins and can be modeled and removed
accurately using ancillary data or climatological knowledge. Major effects require either
multichannel information or ancillary data from other sources to implement a correction in the
retrieval algorithm.
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Table 3.4-3. Geophysical Effects on the Relationship Between
Brightness Temperature and Sea Surface Salinity and Soil Moisture

Effect Salinity Soil Moisture

Rain X X
Solar radiation X X
Radio-frequency interference X X
Galactic emission X +
Atmospheric gases +

Clouds +

Faraday rotation 0 0
Surface temperature 0 0
Surface roughness 0 0
Vegetation 0
Soil texture +

x  Major effect, uncorrectable. Flag and reject.
+  Minor effect, correctable using ancillary data.
o Major effect, correctable using multichannel retrieval or ancillary data.

Rain, solar radiation (either entering the antenna sidelobes directly or reflected off the ocean
surface), radio-frequency interference (RFI), and galactic-center emission have large L-band
brightness temperature signatures which cannot be modeled or measured accurately enough for
correction. The presence of these interferences can be detected (or inferred from geometrical
considerations in the case of solar and galactic radiation) so that the contaminated data can be
rejected from the data stream. Only a small fraction of the data should require rejection due to
these causes. RFI is likely to cause the most data rejection over land, while reflected solar
radiation will likely be the cause for most data rejection over ocean. The effects of atmospheric
water vapor and most clouds on brightness temperature at L-band are small and can be estimated
using ancillary data from operational weather satellites. The residual uncertainty in brightness
temperature due to these effects is estimated as less than 0.1 K. Ancillary data can also be used to
identify and reject the small percentage of cases where clouds of very high liquid water content,
extending over a large fraction of the footprint, may be contaminating the data to an unacceptable
degree.

Uncertainties in the surface emissivity model affect the accuracy with which surface temperature
and surface roughness effects can be corrected. However, for the ocean surface at L-band the
effects of wind-induced roughness and foam are small. In the multi-polarization L-band (passive
and active) retrieval approach, where the appropriate roughness scale is being directly sensed and
corrected, an uncertainty of 0.15 K is considered reasonable. This uncertainty is expected to be
significantly larger if ancillary data on wind speed or roughness, such as from a K-band satellite
radar measurement, has to be used instead of a multichannel L-band correction. K-band radar
measures a smaller capillary-wave roughness scale that is not directly related to the longer L-band
roughness scale (being dependent also on fetch and duration) and may introduce additional error.

The effects of Faraday rotation have been evaluated for the orbit and scan configuration described
here. A pre-dawn equator crossing and Sun-synchronous orbit are desirable to minimize the
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ionospheric effects. By using the sum of the vertically and horizontally polarized channels
(which is insensitive to Faraday rotation) or by providing an additional polarimetric channel in
the radiometers, it should be possible to reduce the uncertainty due to Faraday rotation to less
than 0.1 K (Yueh, 2000). Combining the effects of uncertainties due to atmospheric variability,
surface emissivity, and Faraday rotation, the RSS target of A7), =0.2 K appears achievable.

3.5 CONCLUSIONS

Science requirements for ocean salinity and soil moisture were derived from recent NASA
workshop reports and planning documents and used to develop the baseline instrument concept.
A set of detailed system characteristics were derived, including antenna geometry and rotation
rate, frequencies, polarizations, antenna beam specifications, feedhorns, orbit type, altitude, swath
width and coverage, pointing control, receiver sensitivity and calibration accuracy, and data rate.
These system parameters were used as the baseline for the other subtasks of the study. The
antenna design included positioning of the two feedhorns to achieve the required footprint scan
pattern overlap. A data downlink study was performed to investigate the trade-offs between data
latency, on-board storage, bus data rate, and the cost of tracking and level 0 processing.

A detailed retrieval analysis was done for ocean salinity to determine the requirements on
measurement sensitivity and accuracy of the radiometer and radar, antenna beam characteristics,
and pointing knowledge and control. An error budget was developed for use in other parts of the
study. The retrieval analysis showed that the system is capable of achieving the required 0.2 psu
SSS accuracy (at a weekly, 100-km scale) if the stringent requirements imposed on instrument
sensitivity and calibration stability can be met, and a detailed accounting of geophysical error
sources is included in the retrievals. The key requirement for SSS is a radiometric error,
including instrument noise, geophysical modeling error, and calibration error of better than
~0.3 K at 50-km resolution. The non-zero emissivity of the mesh reflector (discussed in
Section 6) may cause the calibration error to exceed the feasibility limit for salinity sensing if the
physical temperature of the mesh cannot be characterized adequately in orbit. For soil moisture,
the system is more than capable of meeting the required 0.04 g cm™ accuracy since the required
radiometric error for soil moisture is ~1 K.
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4. CONCEPT DEFINITION

As part of the first phase of the project, Science Applications International Corporation (SAIC)
was tasked to assist in the Jevelopment of the OSIRIS flight system based on the identification
and system-level evaluatior of candidate antennas, spacecraft and launch vehicle configurations.
It was clear that development of such an “optimized” system design must give consideration to
numerous key attributes/functional characteristics of each of the system elements, and
consequently the SAIC effort was partitioned into the following task functions in which these
various items were addressed:

e Identification and Evaluation of Deployable Mesh Antenna Concepts — including a review
of mission-driven antenna requirements as well as a review and evaluation of the functional
and physical characteristics of candidate mesh antennas regarding their suitability to the
mission requirements. These characteristics include antenna size and geometry (both
stowed and deployed), mass, deployment technique and envelope, compatibility with
potential spacecraff and feed interfaces, and maturity of the antenna technology.
(Evaluation of other antenna reflector characteristics such as surface precision, thermal
stability and the impact of the desired rotation rate on surface and alignment accuracy were
addressed in other parts of the task.)

e Identification and Evaluation of Low-Cost Candidate Spacecraft and Launch Vehicles —
including a survey of available spacecraft and launch vehicle services that, with minimal
modification to accommodate the candidate antennas, feeds and mission requirements,
might be purchased at costs that do not force the mission to exceed the given budget
constraints. The spacecraft survey examined the configuration, dimensions, interfaces,
power, communications and other pertinent resources of small commercial satellite buses
identified in the catalog of the Rapid Spacecraft Development Office (RSDO) of NASA
Goddard Space Flight Center. The jaunch vehicle survey examined low-cost options for
delivery of the OSIRIS payload to Sun-synchronous orbit and focused on launch vehicle
payload-to-orbit capucity, shroud size, and dynamic envelope.

e Development of “Optimized” Antenna, Spacecraft, and Launch Vehicle Configuration —
including the definition of criteria and the analyses required to compare different candidate
system configurations and options. These analyses included an examination of trades
associated with spin rate and orbital coverage, and a comparison of ACS requirements for
two different OSIRIS configurations (rigid body spinner and three-axis-stabilized).

The antenna/configuration selection criteria are presented below in roughly prioritized order.
Developed jointly by the OSIRIS team, they provided SAIC with a set of basic guidelines for
arriving at a preferred system configuration.

Low Total Mission Cost

Compatibility of Stowed Antenna, Spacecraft Bus and Launch Vehicle
Adequate Spacecraft Controlability

Satisfies Constraints on Reflector Distortion and Feed Alignment
Satisfies Resolution, Accuracy, Coverage Requirements.

Not all of the listed criteria were addressed fully by SAIC during the first-year study period. The
development of dynamic simulations of candidate configurations (to demonstrate sufficient
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spacecraft stability and control) was deferred to the industry studies performed during the second
year (Section 8). A report of the SAIC study covering the period March 17 to September 30,
1999 was provided to JPL. The main parts of the report are reproduced below.

4.1 ANTENNA

Information on candidate deployable-mesh antennas was obtained from a survey of antennas
manufactured by the two leading industrial vendors, TRW and Harris Corporation. From this
survey, the current sizes, scalability, and estimated technology readiness levels (TRLs) (see
Appendix III) of the antennas were estimated, and are listed in Table 4.1-1. Examples of these
antennas are shown in Figure 4.1-1. The TDRSS antenna as shown is center-fed, and has
unacceptable blockage of the main beam for radiometric applications. However, all three
structural types (radial rib, double-articulated radial rib, and perimeter truss) can be configured as

offset-fed parabolic reflectors as required for OSIRIS.
Table 4.1-1. Deployable Mesh Antennas

Type Manufacturer Diameter (m) Scalability (m) TRL
TDRSS Radial Rib TRW 5 10 4/5
PAMS Double Articulated Radial Rib TRW 10 25 5
AstroMesh  Perimeter Truss TRW 12.25 25+ 8
PTR Concept Perimeter Truss TRW 2 25+ 2/3
TDRSS Radial Rib Harris 5.5 25 6
DTS Double Articulated Radial Rib Harris 12~15 25 8
Heritage Radial Rib Harris 15 25+ 9

Of the antennas listed, three were identified as being of primary interest based on design maturity.
These were the AstroMesh perimeter truss, the TDRSS/Heritage radial rib, and the DTS double-
articulated radial rib. Stowage length concerns eliminated the simple radial rib design. Although
the Harris DTS appeared to be a viable concept, detailed models and other information on this
antenna, for evaluation of potential thermal and mechanical distortions, was not readily available
from the vendor. On the other hand, detailed information on the AstroMesh antenna was readily
obtainable. Being a perimeter-truss design, the AstroMesh antenna has the stiffness required for a
spinning configuration, and was in fact designed originally for a spinning application. For these
reasons, subsequent analyses in the study were limited to the AstroMesh antenna.

The AstroMesh perimeter-truss design stows in a compact volume, has been flight qualified, and
a 12.25-m version was launched and depl